Continuing technical advances in the creation of (sub-) femtosecond VUV and X-ray pulses with Free-Electron Lasers and laser-based high-harmonic-generation sources have created new opportunities for studying ultrafast dynamics during chemical reactions. Here, we present an approach to image the geometric structure of gas-phase molecules with fewfemtosecond temporal and sub-Ångström spatial resolution using femtosecond photoelectron diffraction. This technique allows imaging the molecules "from within" by analyzing the diffraction of inner-shell photoelectrons that are created by femtosecond VUV and X-ray pulses. Using pump-probe schemes, ultrafast structural changes during photochemical reactions can thus be directly visualized with a temporal resolution that is only limited by the pulse durations of the pump and the probe pulse and the synchronization of the two light pulses. Here, we illustrate the principle of photoelectron diffraction using a simple, geometric scattering model and present results from photoelectron diffraction experiments on laser-aligned molecules using X-ray pulses from a Free-Electron Laser.
INTRODUCTION
Diffraction methods such as X-ray and electron diffraction are powerful tools for structure determination that have contributed significantly to our knowledge of the microscopic structure of matter. A somewhat lesser-known member of the family of diffraction techniques is photoelectron diffraction (PD; sometimes also referred to as X-ray photoelectron diffraction, XPD) 1, 2, 3, 45 , in which X-ray photons are used to emit an inner-shell photoelectron from a specific atom inside a molecule or a solid, and the scattering and diffraction of this photoelectron encodes the structural information on the environment of the emitter atom. PD is used, in particular, in condensed matter and surface physics applications, e.g., to determine the geometry of surface reconstructions or of adsorbate atoms or molecules on a surface 1, 2, 3 . Two-dimensional PD images can even be interpreted as photoelectron holograms, which allows direct holographic reconstruction of the geometric structure without the need of phase-retrieval methods or further modeling 1, 4 .
Although it was recognized a long time ago that photoelectron diffraction effects could, under certain conditions, also be observed in gas-phase molecules, e.g. by recording molecular-frame photoelectron angular distributions (MFPADs) 5, 6, 7, 8 , PD has not played a major role in gas-phase studies to date since far more precise methods, such as microwave spectroscopy, exist to determine the ground-state geometry of molecules in the gas phase. However, with the increased interest in recent years in studying non-equilibrium structures such as reaction intermediates and other transient species, and with new experimental developments that allow studying these structures on ultrafast time scales using femtosecondlasers, laser-based high harmonic generation (HHG) sources, and Free-Electron Lasers (FELs), this situation may change since femtosecond photoelectron diffraction (fs-PD) 9, 10, 11, 12, 13 may allow accessing time-resolved structural information on transient states that is not accessible by other, conventional methods of structure determination. *Daniel.Rolles@desy.de
In this paper, we report our recent progress towards developing fs-PD as a method for imaging the geometric structure of gas-phase molecules with few-femtosecond temporal and sub-Ångström spatial resolution. We begin by illustrating the principle of PD and the relationship between photoelectron diffraction and molecular-frame photoelectron angular distributions (MFPADs) using a simple, geometric scattering model. We then present recent experiments aiming at developing the experimental capabilities for recording time-resolved photoelectron diffraction images using femtosecond X-ray pulses from Free-Electron Lasers, and conclude by summarizing advantages and challenges of the fs-PD method for gas-phase molecules as well as by pointing out possible future improvements.
A SIMPLE MODEL OF PHOTOELECTRON DIFFRACTION IN MOLECULES
A photoelectron diffraction pattern is created by the superposition of direct and scattered photoelectron waves, leading to constructive or destructive interference that result in angle-and energy-dependent intensity variations at the position of the photoelectron detector 1, 2, 3, 4 . The simplest possible scenario of photoelectron diffraction is illustrated in Fig. 1 for the case of a diatomic molecule. When an X-ray photon is absorbed at the core level of a specific atom inside a molecule, in this case the atom A, a coherent photoelectron wave is emitted from a localized origin into the full 4π solid angle. Intramolecular scattering of the photoelectron wave on the other atom(s) in the molecule then results in additional waves, which, in the simplest possible model of point-like atomic scatterers, each have a phase shift with respect to the original wave that depends only on the geometric path length difference ∆s. In particular, no additional scattering phase shifts or angle-dependent scattering amplitudes are taken into account in this simple model. Figure 1 . Principle of photoelectron diffraction: A localized electron wave Ψ A is created by X-ray absorption at a core level of atom A inside the molecule with bond length d. The electron can undergo intra-molecular scattering on other atom(s) within the molecule, resulting, in this case, in one additional scattered wave Ψ B . In the far field, the interference between direct and scattered waves results in a structured angular pattern Ι(θ) = | Ψ A + Ψ B | 2 , which is recorded, e.g., on an electron imaging detector. It can be interpreted as a photoelectron diffraction pattern that contains the information on the molecular structure.
In close analogy to the well-known double-slit interference, constructive interference between the direct and the scattered wave arises for scattering angles θ, for which the path length difference ∆s is equal to an integer multiple of the electron de Broglie wavelength λ. However, in contrast to the traditional double-slit scenario, the photoelectron emitted from atom A has to first travel the distance d before scattering on the neighboring atom B, and the total path length difference is thus given by
In other words, the largest path length difference ∆s = 2d occurs at 0˚, i.e., in the backscattering direction away from the scatterer and towards the emitter atom, while the path length difference is ∆s = d at 90˚, i.e. perpendicular to the molecular axis. At 180˚, i.e. for emission towards the neighboring atom, the path length difference is ∆s = 0. When neglecting multiple scattering effects, an interference maximum commonly referred to as forward scattering peak occurs in this direction independent of the photoelectron wavelength. The electron's de Broglie wavelength λ is a function of the photoelectron kinetic energy E kin and is given by
Here, h is the Planck's constant, p is the nonrelativistic electron momentum, and m e is the electron mass. In commonly used units, this corresponds to
When assuming spherical waves Ψ ∝ e i(kr-wt) /r for both the direct and the scattered photoelectron waves, the final
2 in the far field, which results from the interference between the direct and the single-scattered wave as shown in Fig. 1 for the case of a diatomic molecule, only depends on the phase difference δ(θ) between the two waves. It can be calculated as a function of the scattering angle θ by the simple formula
Here, the coefficients A and B are proportional to the amplitudes of the direct and scattered waves Ψ A and Ψ B , respectively. In the spirit of developing the simplest possible model, A and B can be assumed to be proportional to the atomic photoionization cross section of atom A and the elastic electron scattering cross section for atom B, respectively, which can be taken from standard databases 43 . The phase difference δ between the two waves is, using eq. (1), given by
Furthermore, we can assume that for the case of photoionization of an inner-shell s-level, the directly emitted photoelectron wave can be described by a pure p-wave along the polarization vector ε. If the photoelectron intensity is considered within the plane defined by the molecular axis and the polarization vector, this p-wave character of the direct wave can be taken into account by simply introducing two additional factors in eq. (4):
The term cos (θ -α) describes the angle-dependent amplitude of the direct p-wave, where α is the angle between the molecular axis and the polarization vector ε, and the term cos α decreases the amplitude of the spherical scattered wave accordingly.
When considering detection angles out of the plane or, in particular, for the more general case of a non-cylindrically symmetric, polyatomic molecule, an analogous formula for the angle-dependent photoelectron intensity I(φ,θ) can be derived by expressing the direct and scattered waves in terms of spherical harmonics:
Here, θ and φ are the polar and azimuthal electron emission angles in spherical coordinates with the emitter atom located at the origin of the coordinate system and the molecular reference axis along the z-axis. In analogy to eq. (5), the phase shift δ is given by ]. (8) Note that eq (7) simplifies to eq. (6) for the special case of a diatomic due to the cylindrical symmetry of the molecule.
Using eq. (6) and (7), we can now calculate, within this simple, point-like geometric single-scattering model, the photoelectron diffraction patterns for two exemplary molecules, CO and CH 3 F, as shown in Fig. 2 and Fig. 3 . Of course, our simple model based on single scattering on point-like scatterers at the position of the atomic constituents in the molecule -instead of taking into account multiple scattering on the full, non-spherical molecular potential -will, in most cases, not be able to quantitatively predict the actual, experimental diffraction patterns, and our examples shown here are thus meant primarily as a qualitative and intuitive way of illustrating the photoelectron diffractions effects. Nevertheless, we would like to point out that the assumption of single scattering and point-like scatterers becomes increasingly justified for increasing photoelectron kinetic energies. We have found that already for electron kinetic energies of a few hundred eV, the diffraction patterns calculated from our simple, point-like geometric single-scattering model agree well with those calculated within a more sophisticated single scattering model that takes into account element and energy-dependent scattering amplitudes 9 and even with those obtained from state-of-the-art DFT calculations 15 . A more systematic comparison between the calculated diffraction patterns obtained from these different models as well as from various multiple-scattering calculations 15, 16, 17 is currently in progress and will be reported at a later time. (7) are chosen to be B C =B H =A=1 in order to emphasize the interference effects. For B C <1 and B H <1, the contrast between interference maxima and minima is reduced.
TIME-RESOLVED PHOTOELECTRON DIFFRACTION EXPERIMENTS WITH FREE-ELECTRON LASERS
In our conceptual discussion of molecular photoelectron diffraction in section 2, we have implicitly and tacitly assumed that the angular dependence of the photoelectron intensity can be determined in the molecular reference frame, i.e. as a function of emission angle with respect to both the light polarization direction and the molecular axis. While this may naturally be the case for molecules on a surface, which often have a clearly defined adsorbate geometry, gas-phase molecules are usually randomly oriented in space, such that most of the angle-dependent interference structure in the photoelectron angular distributions is completely averaged out. In order to observe photoelectron diffraction patterns from gas-phase molecules and to extract structural information, e.g. by holographic reconstruction, from the photoelectron angular distributions, one therefore needs to "fix the molecule in space". This is typically done either by means of angle-resolved photoelectron-ion coincidences 5, 6, 7, 8, 18, 44 , which allows determining the orientation of suitable molecular axis at the time of the photoionization for each individual molecule from the emission directions of the fragment ions, or by actively aligning the molecules in space, e.g. by laser alignment techniques 19 . While we are pursuing both experimental approaches for our photoelectron diffraction studies, we will concentrate, in the following, on describing our experiments on adiabatically laser-aligned molecules, which we have performed at the Free-Electron Lasers LCLS at SLAC and FLASH at DESY in Hamburg. The experimental setup is described in detail in previous publications 10, 11 and is therefore only briefly summarized here. A beam of rotationally cold molecules, typically seeded in helium, is created by supersonic expansion into vacuum through a pulsed Even-Lavie nozzle. It is then crossed with two focused laser beams as well as with an X-ray beam inside a double-sided velocity map imaging (VMI) spectrometer equipped with two MCP detectors with phosphor screens 10, 11, 20 . The pulses of an injection-seeded Nd:YAG laser (1064 nm, 10ns, ~500 mJ), adiabatically align the molecules along the laser polarization direction. A second laser pulse from a femtosecond Ti:Sapphire laser (266/400/800 nm, ~80 fs, < 1 mJ) initiates a photochemical reaction, e.g. a photodissociation or isomerization, which is subsequently probed, at various time-delays, by photoelectron diffraction using VUV or X-ray Free-Electron Laser pulses (50-2000 eV, 3-80 fs, 0.1-3 mJ) . The FEL pulses ionize the aligned molecules by emitting photoelectrons predominantly from a targeted inner-shell level of a specific atom in the molecule. These photoelectrons are then imaged shot-by-shot on one side of the VMI spectrometer, while the resulting fragment ions are simultaneously imaged on the other side of the spectrometer, such that the degree of molecular alignment can be constantly monitored 10, 12 .
Typical VMI images for F + fragment ions and F(1s) photoelectrons resulting from the photoionization of laser-aligned 1-ethynyl-4-fluorobenzene (C 8 H 5 F, pFAB) molecules at LCLS are shown in Fig. 4 . Assuming that the energetic F + ions, which result from a Coulomb explosion of the core-ionized pFAB molecule after Auger decay are emitted along the axis of the F-C bond, the angular distribution of these F + ions can be used as a quantitative measure for the degree of molecular alignment achieved in the experiment. This is usually done by calculating the expectation value <cos 2 θ 2D >, where θ 2D is the angle between the momentum vector of the F + ion, projected onto the detector plane, and the polarization direction of the YAG laser pulse 19 . For the image shown here, this yields a value of <cos + ion images from adiabatically laser-aligned pFAB molecules recorded after ionization with linearly polarized X-rays at 723 eV photon energy. The YAG laser pulse was linearly polarized parallel to the FEL polarization as indicated by the white arrow. (b) Electron images recorded simultaneously to the ion image shown in (a). At this photon energy, the F(1s) photoelectrons (marked by the two white circles) have a kinetic energy of 31 eV. Both ion and electron images were obtained by summing the single-shot CCD camera images after using a peak-finding algorithm.
In the corresponding photoelectron image recorded simultaneously with the F + ion image on the opposite side of the double-sided VMI spectrometer, the F(1s) photoelectron line with a kinetic energy of 31 eV appears as a ring close to the outer edge of the MCP detector. It is marked by two white circles in Fig. 4 (b) . A strong angular anisotropy of the photoelectron intensity reminiscent of the p-wave character of an atomic s-level photoemission can clearly be observed, as well as an intense contribution from lower-energy electrons in the center of the image (see Ref. 11 and 12 for further discussion of these low-energy electrons). Contrary to the expectation based on our photoelectron diffraction model presented in section 2, no clear angular structure apart from the p-wave-like anisotropy is visible in the photoelectron intensity. However, as shown in our previous work 10, 12 , this is mostly the result of the angular averaging due to the imperfect molecular alignment, which averages out most of the interference structure despite the relatively high degree of alignment that was achieved in the experiment.
In order to extract the remaining, weak interference effects in the photoelectron images, we subtract the electron images recorded without YAG pulses from those recorded with YAG pulses present 10, 12 . The resulting photoelectron angular distribution differences (∆PADs) for different photoelectron kinetic energies are shown as polar plots in Fig. 5 . The experimental data obtained by integrating the difference images over the region of interest marked by the white circles in Fig. 4(b) are shown as dots, while the experimental ∆PADs obtained by subtracting the electron images after inversion with the pBasex algorithm 46 are shown as shaded areas. Both agree well with each other as well as with the results of DFT calculations that take into account the angular averaging due to the molecular alignment (for further details, please refer to our previous publications 10, 12 ). A clear angular interference structure can be observed in these ∆PADs, which strongly depends on the photoelectron kinetic energy and thus the photoelectron wavelength, as also confirmed by the DFT calculations. However, since simple, single-scattering models are not appropriate at these relatively low photoelectron kinetic energies, it is very challenging to directly relate the measured ∆PADs to the molecular structure without the help of elaborate calculations. Nevertheless, our results still demonstrate the experimental feasibility of photoelectron diffraction experiments on laseraligned molecules at FELs, and we are planning to perform follow-up experiments at higher kinetic energies and with further experimental improvements, as discussed in the following section, in the near future.
CONCLUSIONS AND OUTLOOK
In this paper, we have outlined a simple, geometric scattering model to illustrate the concept of photoelectron diffraction in gas-phase molecules, and presented experimental results from the first realizations of such experiments at a FreeElectron Laser. This work is part of our larger-scale photoelectron diffraction and holography effort, whose aim it is to investigate the feasibility of time-resolved photoelectron diffraction experiments at FELs and to develop and establish this technique as a versatile method for ultrafast studies of chemical reactions in gas-phase molecules. During our first FEL beamtimes at LCLS and FLASH, we have been able to demonstrate several important steps towards this goal. In particular, we have shown that 1. it is possible to measure photoelectron angular distributions of laser-aligned molecules with the currently operating FELs despite the obvious limitations concerning photon energy bandwidth, beam stability, and the very limited setup and measurement time that is available for each experiment;
2. these photoelectron angular distributions are sensitive to changes in the electron wavelength, as shown in Fig. 5 and as expected from diffraction considerations. In particular, we note that decreasing the electron wavelength is expected to change the diffraction pattern in a very similar way as increasing all internuclear distances in the molecule, e.g. in a Coulomb exploding molecule;
3. we can also perform these experiments in a femtosecond pump-probe arrangement and that we can observe changes in the electron images as a function of the pump-probe delay between Ti:Sapphire laser and X-ray pulses 11, 12 .
Taking advantage of present and future experimental and theoretical improvements, some of which will be discussed below, femtosecond photoelectron diffraction has the potential to become a powerful method for time-resolved studies of gas-phase molecules that is complementary to other methods such as time-resolved X-ray diffraction, ultrafast electron diffraction, and other related techniques such as laser-induced electron diffraction 22, 23 , which are also of high current interest in the ultrafast imaging community. While X-ray diffraction has been tremendously successful for crystallizable molecules, it has, so far, been difficult to implement even for non-time-resolved studies of individual, small molecules in the gas phase 24, 25 . The biggest challenge in imaging molecules with light atomic constituents like carbon or even hydrogen is the very low cross section for the interaction of an energetic X-ray photon with a single atom. This cross section is largely dominated by photoabsorption, resulting in a loss of the X-ray photon for imaging purposes and in unwanted radiation damage. Photoelectron diffraction turns this drawback into a benefit by exploiting the photoelectrons for imaging purposes.
Being an all-optical method for both pump and probe, time-resolved photoelectron diffraction also avoids the problem of velocity mismatch that has, to date, limited the temporal resolution of electron diffraction experiments on gas-phase targets to > 850 fs 26, 27 . Finally, by exploiting single-photon ionization and photoemission of inner-shell electrons, fs-PD can be rather well described by simple atomistic models and does not rely on extensive prior knowledge of the geometric structure of the molecules. In particular, contrary to most X-ray or electron (beam) diffraction patterns, which are typically recorded outside of the direct beam, photoelectron diffraction patterns can always be treated as holograms in the sense of Gabor 28 . In this inside-source holography arrangement, the phase information is preserved and structural information such as bond lengths and bond angles can be directly extracted from the recorded diffraction signal without complicated phase-retrieval methods and without comparison to modeling calculations 4, 9, 28, 29 . This makes femtosecond photoelectron diffraction and femtosecond photoelectron holography a potentially powerful method to directly image the changing molecular structure during ultrafast chemical reactions, as demonstrated conceptually by Krasniqi et al. 9 .
However, apart from these intriguing advantages, there are also a number of conceptual and experimental difficulties, which need to be addressed in order to make fs-PD a tool with wide applicability in gas-phase studies:
(i) The photoionization process, which lies at the heart of the photoelectron diffraction method, is considerably more difficult to describe theoretically than the scattering of plane waves in the case of X-ray and electron diffraction. In particular, the distinct angular emission characteristics of photoelectrons (which, in case photoemission from inner-shells other than s-levels, even require description by two partial waves rather than a single p-wave) make PD images intrinsically more complicated to interpret than X-ray and electron diffraction. More theoretical and experimental work is thus needed to develop a model that adequately includes the photoionization dynamics without requiring full-blown photoionization calculations, which are extremely difficult for larger molecules.
(ii) The need to align the gas-phase molecules with an extremely high degree of alignment in order not to wash out the fine angular interference structure, which is expected especially for higher photoelectron kinetic energies and for more complex molecules, requires some experimental improvements of existing alignment techniques. On the one hand, using photoelectron-ion coincidences to determine the orientation of the molecular axis works very well for many relatively small molecules, but becomes increasingly difficult for more complex molecules and for time-resolved studies, where a changing molecular structure shall be observed. On the other hand, laseralignment techniques still struggle to achieve the necessary degree of alignment, and the strong laser fields that are present, e.g., during adiabatic alignment, can have unwanted effects on both the chemical dynamics and the molecular photoionization process.
(iii) In order to achieve the few-femtosecond temporal resolution that is needed to image many ultrafast reactions in molecules, the timing jitter between the femtosecond-laser-pump and the X-ray-probe pulse, which was, at the time of our measurements, the main practical limitation for the time-resolution in laser-pump FEL-probe experiments 11 , needs to be significantly reduced or, at least, to be compensated by shot-by-shot arrival-time measurements of both pulses.
(iv) Currently, the photon bandwidth of the FEL pulses, which is typically on the order of 0.2-1.0% for a SASE FEL 30, 31 , limits the theoretically achievable spatial resolution, since the existing monochromator beamlines typically either do not have sufficient transmission to allow, for dilute molecular targets, the count rates necessary to perform the experiments given the low repetition rates of the FELs, or they broaden the X-ray pulse length too much to allow experiments with few-femtosecond X-ray pulses.
In the following, we describe recent advances that address some of the above-mentioned challenges and that we plan to implement in our next fs-PD experiments:
(i) It has recently been shown that the use of multiple photoelectron energies in the region of 300 eV +/-150 eV may be more suitable to record photoelectron holograms of gas-phase molecules 29 than electron energies around 2 keV, as originally suggest by Krasniqi et al. 9 , and that a description of the photoelectron scattering within the first Born approximation may already be valid for electron energies as low as 300 -500 eV 32 , which would facilitate the interpretation of the recorded photoelectron diffraction pattern in terms of a hologram. Electrons in this kinetic energy range are significantly easier to image with VMI spectrometers than 2 keV electrons, making such holography experiments less challenging from a purely technical point of view.
(ii) The rapid development of new and improved laser-alignment methods for gas-phase molecules suggests that future experiments will be able to achieve considerably higher degrees of alignment than we obtained in our previous FEL experiments. For example, it has been demonstrated that a degree of alignment of <cos 2 θ 2D > = 0.97 can be achieved by adiabatically laser-aligning iodobenzene molecules when an electrostatic deflector 33 is employed for selecting only the coldest molecules in the molecular beam 34 . Furthermore, it was recently demonstrated that a stretched femtosecond Ti:Sapphire laser pulse instead of a Nd:YAG laser pulse can be used to align carbonyl sulfide molecules to a very high degree 35 , which would eliminate the limitation to a 30 Hz repetition rate in our experiments because of the Nd:YAG laser. Field-free alignment methods, which would allow pumping and probing the molecules at a time when the strong alignment-laser pulse is no longer present, have also recently achieved much improved degrees of alignment 36, 37 , suggesting that they may soon be a viable alternative to adiabatic laser alignment.
(iii) The limitations of the temporal resolution because of the arrival time jitter between the X-ray and the pump laser pulse have recently been improved dramatically by the development of cross-correlation tools at some FEL facilities 38, 39, 47 , which allow correcting for this jitter in the data analysis such that the temporal resolution is, at present, mostly limited by the X-ray and laser pulse durations, as we have shown in recent time-resolved ion imaging experiment 40 . Other FEL facilities now operate laser-seeded FELs 41 , which allows for much better intrinsic synchronization between the FEL and the femtosecond laser. This would, of course, also be the case when using a soft X-ray HHG source for a photoelectron diffraction experiment, making this a very promising avenue to achieve extremely high temporal resolution.
(iv) Seeded FELs (with laser seeding such as FERMI as well as with self-seeding, as recently demonstrated at LCLS 42 ) also provide much narrower photon bandwidth, which addresses the above-mentioned limitation to the spatial resolution as well as allowing for high(er) resolution photoelectron spectroscopy in order to monitor, e.g., time-dependent changes of the electronic structure and of the core-level chemical shift in dissociating molecules.
Given these experimental and theoretical advances, our next FEL experiments, which are planned for the near future, will hopefully be another big step towards demonstrating femtosecond time-resolved fs-PD photoelectron diffraction and holography as a tool to image molecular structure during photochemical reactions. Performing such experiments using laser-based HHG sources, which are now starting to enter the photon energy range of typical inner-shell levels, would make the technique more widely accessible and would open up the possibility to achieve even better temporal resolution.
